Previous animal models and structural imaging investigations have linked hippocampal neuroplasticity to electroconvulsive therapy (ECT) response, but the relationship between changes in hippocampal volume and temporal coherence in the context of ECT response is unknown. We hypothesized that ECT response would increase both hippocampal resting-state functional magnetic resonance imaging connectivity and hippocampal volumes. Patients with major depressive disorder (n = 19) were scanned before and after the ECT series. Healthy, demographically matched comparisons (n = 20) were scanned at one-time interval. Longitudinal changes in functional connectivity of hippocampal regions and volumes of hippocampal subfields were compared with reductions in ratings of depressive symptoms. Right hippocampal connectivity increased (normalized) after the ECT series and correlated with depressive symptom reduction. Similarly, the volumes of the right hippocampal cornu ammonis (CA2/3), dentate gyrus and subiculum regions increased, but the hippocampal subfields were unchanged relative to the comparison group. Connectivity changes were not evident in the left hippocampus, and volume changes were limited to the left CA2/3 subfields. The laterality of the right hippocampal functional connectivity and volume increases may be related to stimulus delivery method, which was predominately right unilateral in this investigation. The findings suggested that increased hippocampal functional connectivity and volumes may be biomarkers for ECT response.
INTRODUCTION
Disruptions in hippocampal structure and function have been implicated in the pathophysiology of depressive episodes. On a cellular level, depression is associated with increased hippocampal apoptosis, 1 diminished neurogenesis 2 and decreased number of glial cells. 3 On a macroscopic level, depressive episodes are associated with diminished hippocampal volumes 4, 5 and aberrant hippocampal connectivity. 6 Depressive episodes also affect the inhibitory control of the hippocampus in regulating the hypothalamus-pituitary-adrenal axis, which results in excess glucocorticoid secretion. 7 The cellular, structural and functional dysfunction coupled with the many hippocampal afferents and efferents support the role of the hippocampus in depression-related circuitry. 8 The hippocampus has multiple roles and functions that correspond to histologically distinct anatomic subfields such as the cornu ammonis (CA; 1-3), subiculum (SUB) and dentate gyrus (DG), all of which have been implicated in major depression. 9, 10 Post-mortem investigations in depression have shown smaller sizes of hippocampal pyramidal cells in the CA and increased density of neuronal and glial cell densities in both the CA and DG. 10 Recently, measurement of hippocampal subfields with highresolution structural magnetic resonance imaging has become possible, 11 thereby permitting longitudinal investigations in staterelated volume changes in psychiatric disorders. 12 Effective antidepressant treatments may normalize aberrant depression-related hippocampal structure and function via neuroplasticity, which is defined as the brain's capability to restructure itself by forming new neural connections. 13 Neuroplasticity appears to be a common mechanism shared by both electroconvulsive therapy (ECT) and chemical antidepressant treatments, but ECT appears to be a more potent stimulator of neuroplasticity. 14 Evidence from animal studies have demonstrated that a single electroconvulsive stimulation increases neurotrophic, neuropeptide and transcription factors, as well as gene expression in the hippocampus. 15 Furthermore, in longitudinal neuroimaging investigations with depressed patients, ECT response is associated with increased hippocampal volumes. 16, 17 Despite these findings, the relationship between structural and functional neuroplasticity changes in the context of ECT response remains unknown.
Here, we assess changes in hippocampal resting-state functional MRI (fMRI) temporal coherence as well as hippocampal subfields volumes among older, unipolar depressed subjects before and after treatment with ECT. Based on the evidence of ECT neuroplasticity, we hypothesized that ECT response would increase hippocampal resting-state fMRI functional connectivity, and that these findings would in parallel increase the hippocampal volume. We also assessed the relationship between these structural and functional changes with changes in depressive symptoms and cognitive functioning during the ECT series.
MATERIALS AND METHODS Participants
The Human Research Protections Office at the University of New Mexico (UNM) approved this investigation. Patients were recruited from the UNM Mental Health Center's inpatient and outpatient services, and age-and gender-matched healthy comparison (HC) subjects were recruited from the same demographic area. Participants had decisional capacity or assented for this investigation with a surrogate decision maker providing informed consent. Depressed subjects met the following inclusion criteria: (1) Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision, diagnosis of major depressive disorder; (2) clinical indications for ECT; (3) 24-item Hamilton Depression Rating Scale (HDRS-24) 421; 18, 19 and (4) age 450 years. The age range was selected to minimize age-related variability and to increase the probability of ECT response with the young-old age range from 60 to 74 years of age. 20 Depressed subjects were scanned within 2 days of starting the ECT series. Subjects were then scanned again at 45 days after the ECT series to avoid the immediate effect of the seizure on imaging and cognitive assessment. 21, 22 HCs were scanned at one-time interval to establish a reference group for connectivity and structural changes among the ECT participants.
Clinical assessments
The primary outcome for this investigation was the change in depressive symptoms with ECT response defined as 50% reduction in baseline HDRS-24. 23 Melancholic symptoms were measured pre-and post-ECT with the Hamilton Endogenomorphy Scale. 24 Cognitive function was assessed pre-and post-ECT with the Repeatable Assessment for Neuropsychological Status 25 and the Trail Making Tests Parts A and B. 26 Because of symptom severity before ECT, only 15 depressed subjects were able to complete the neuropsychological assessment.
Demographic, clinical and neuropsychological data are summarized in Table 1 . The average age for the depressed subjects (n = 19) was 65.3 years ± 8.0 (6 males). The average age for the age-and gender-matched HCs (n = 20) was 64.9 ± 9.4 years (8 males). Eleven of the depressed subjects had a depressive episode with psychotic features. All depressed subjects were treated with antidepressant medications throughout this investigation. Concurrently, 11 subjects were treated with antipsychotics. Medication changes between the two imaging assessments were minimal and consisted of antidepressant cross-titration (n = 3), antidepressant discontinuation (n = 1) and the addition of an antipsychotic (olanzapine, n = 1).
ECT procedure A Thymatron System IV (Somatics, Lake Bluff, IL, USA) delivered a right unilateral (n = 17) or bitemporal (n = 2) stimulus based on clinical indication at the start of the ECT series. Seizure threshold was obtained during the first session, while a dose titration method guided subsequent stimulus dosage at 6 × threshold for right unilateral and 2 × threshold for bitemporal. Further adjustments to energy occurred as needed for inadequate seizure duration, defined as o25 s of electroencephalogram seizure activity. Treatments occurred three times weekly until adequate clinical response or clinical decision to stop treatment for non-responders. Anesthetic management included methohexital followed by succinylcholine for muscle relaxation. Patients were oxygenated throughout the procedure with a disposable bag and mask. Blood pressure, pulse and oxygen saturations were monitored throughout the procedure. 
Volume analysis
Structural magnetic resonance imaging preprocessing and the delineation of structural images were conducted using FreeSurfer 4.5.0 software (https://surfer.nmr.mgh.harvard.edu). 27 In brief, after removal of non-brain tissue via a hybrid watershed algorithm/surface deformation, the image then underwent an automated Talairach transformation and whole-brain segmentation. Gray matter was further segmented with a probabilistic brain atlas. The hippocampal subfields were based upon additional Bayesian modeling and a probabilistic atlas of a region of interest surrounding the hippocampal formation (94 × 66 × 144 voxels). 11 The larger hippocampal subfields, including CA2/3, DG and SUB, have been shown to correlate well with manual tracings in previous studies. 11 Resting-state fMRI image analysis fMRI preprocessing was conducted with Statistical Parametric Mapping 8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8). Resting-state fMRI data were realigned with INRIalign and slice-timing correction was applied with the middle slice as the reference frame. Data were then spatially normalized into the standard Montreal Neurological Institute space, resliced to 3 × 3 × 3 mm voxels and smoothed using a Gaussian kernel with a full-width at half-maximum of 10 mm to account for the greater anatomic variability in the older sample. 28 Signal from motion, cerebral spinal fluid and white matter was removed with tCompCor, a componentbased noise correction method that removes voxels with high s.d. (040.98). 29 The data were despiked (analysis of functional neuroimages 3dDespike (http://afni.nimh.nih.gov)) and then were band-pass filtered (0.008-0.09 Hz).
Study-specific mask hippocampal mask and functional connectivity analysis
Previous research has shown that hippocampal atrophy confounds standardized template-based methods by over-sampling surrounding areas such as the parahippocampal gyrus. 30 Therefore, we created a study-specific hippocampal mask from the Freesurfer volumes. Each subject's T1 structural image and segmented Freesurfer volume was warped with the Montreal Neurological Institute template. The warped hippocampal masks were then summed and eroded by dropping voxels where o90% of the subjects contributed to the summed hippocampal mask. The mask was then resliced to 3 × 3 × 3 mm voxels. The final mask was the intersection of the subject-specific mask and the Wake Forest University Pick-Atlas hippocampal mask. The average time courses for the right and left hippocampal masks (39 voxels each) generated correlation maps that were then r-to z-transformed.
Statistical analysis
Based on previous research, 31 structural and connectivity changes were limited to ECT responders only (n = 15). The HC group was scanned at onetime interval and precluded an interaction analysis. For group-level structural and functional connectivity analyses, we performed the following analyses: (1) between-subjects comparisons between the pre-ECT depression group and HC to establish pathology (two-sample t-tests); (2) longitudinal assessments with the depression group before and after ECT (paired t-tests); and (3) between-subjects comparisons between the post-ECT depression group and HC to assess for normalization of aberrant connectivity or volumes (two-sample t-tests). For group-level whole-brain functional connectivity analysis, statistical images were assessed for cluster-wise significance using a cluster-defining threshold of P = 0.005. The 0.05 family-wise error critical cluster size was 321 voxels. This liberal cluster-defining threshold increased the sensitivity for detecting functional connectivity differences associated with ECT response while still being fairly focal and not having the problems associated with spanning many different brain regions. 32 For hippocampal structural results, we reported on absolute and normalized volumes with respect to intracranial volume. For hippocampal subfields, we reported on absolute volumes only, as the volume determination was based on a region of interest surrounding the hippocampal formation. We compared changes in volume and connectivity with changes in symptoms among the entire sample of depressed subjects (n = 19). Correlations with the entire data set of ECT participants increased the range of response in depressive symptoms to empirically determine whether functional and structural changes were related to clinical change. We also compared changes in cognitive performance among the entire sample of depressed subjects with a completed neuropsychological assessment (n = 15). Because of the focus on the hippocampus, we used change in percent recall as the primary assessment of hippocampal cognitive performance. 33 
RESULTS

Clinical
ECT participants received 11 ± 2.7 treatments within the ECT series. The post-ECT HDRS-24 confirmed clinical response from a pre-ECT assessment of 32.6 ± 8.5 to a post-ECT assessment of 8.4 ± 8.6. Fifteen of the 19 ECT subjects were ECT responders with an average age 65.5 ± 6.7 years (5 males). The neuropsychological performance was notable for an improvement in immediate memory (t 14 = − 2.15, P = 0.04) and percent retention (t 14 = − 2.2, P = 0.04), which may be owing to the length of time (11 ± 8.4 days) between the last ECT session and the post-ECT assessment. 21 Pre-ECT and HC contrasts Structural results. The right and left hippocampal volumes and subfields were not significantly different between the pre-ECT responders (n = 15) and HC groups (P40.10).
fMRI results. ECT responders (n = 15) had lower right hippocampal connectivity in two clusters relative to HC: the left medial temporal Figure 1 . The healthy comparison (HC) 4pre-electroconvulsive therapy (ECT) contrast shows decreased left hippocampal connectivity in the left and right temporal lobe. Similarly, the HC 4pre-ECT contrast shows decreased right hippocampal connectivity in the left medial temporal and anterior cingulate cortex. Differences in connectivity are mapped to color hue; t-statistic magnitude is mapped to transparency. White contour lines denote familywise error-corrected areas of significance with a cluster-defining threshold of P = 0.005. lobe (P familywise error (FWE) = 0.008, K E = 455 and local maxima: − 51, − 31 and − 17) and the anterior cingulate cortex (P FWE = 0.005, K E = 502 and local maxima: − 6, 26 and 13). ECT responders also had lower left hippocampal connectivity in two clusters in the left temporal lobe in Brodmann area 21 (P FWE = 0.021, K E = 377 and local maxima: − 57, − 1 and − 8; P FWE = 0.007, K E = 479 and local maxima: − 36, − 67 and 16) and another cluster in the right middle temporal lobe (P FWE = 0.014, K E = 417 and local maxima: 48, − 25 and − 5). The differences in right and left hippocampal connectivity are shown in Figure 1 . ECT responders did not have any areas of increased connectivity relative to HC (P40.10).
Pre-and post-ECT contrasts
Structural results. Right hippocampal normalized volumes (t 14 = − 2.7, P = 0.01) increased after the ECT series relative to pre-ECT scans among ECT responders. The left hippocampal volumes did not increase in size (P40.10). Right hippocampal subfield volumes also increased in the right CA1 (t 14 = − 2.6, P = 0.02), CA2/3 (t 14 = − 4.1, P = 0.001), DG (t 14 = − 2.4, P = 0.03) and SUB (t 14 = − 2.8, P = 0.01). Increased volumes in the left hippocampus were limited to the CA2/3 (t 14 = − 2.6, P = 0.02) subfield as shown in Table 2 .
fMRI results. Right hippocampal connectivity increased in the right temporal lobe, (P FWE = 0.025, K E = 307 and local maxima: 42, − 22 and − 11) post-ECT as shown in Figure 2 among ECT responders. The left hippocampus did not show a similar increase in connectivity (P40.10). Right and left hippocampal connectivity did not decrease during the ECT series (P40.10).
Post-ECT and HC contrasts
Structural results. The right and left hippocampal volumes and subfields were not significantly different between the post-ECT responders and HC groups (P40.10).
fMRI results. The right and left hippocampal connectivity maps were not significantly between post-ECT depressed subjects and HC groups (P40.10), thereby providing confirmatory evidence of normalization.
Correlations with symptoms, cognitive performance and data integration Structural results. The change in symptoms or cognitive performance did not correlate with change in hippocampal volumes (P40.10) across all patients (n = 15).
fMRI results. Using a mask of the area of increased right hippocampal connectivity, we assessed the relationship between changes in connectivity, symptoms and neuropsychological performance. A positive relationship (r = 0.52, P = 0.02) existed between differences in connectivity and change in depressive symptomatology among all ECT participants (n = 19) as shown in Figure 3 . The relationship between changes in connectivity and cognition, as measured by differences in percent retention, was not significant (P40.10).
Data integration. Correlations between right hippocampal volume changes and right hippocampal functional connectivity changes (assessed with the mask of the area of increased right hippocampal connectivity) were not significant among all ECT participants (P40.10).
DISCUSSION
Consistent with our hypothesis, ECT response is associated with increased hippocampal functional connectivity and increased volume. Before the ECT series, the ECT responders had decreased right and left hippocampal connectivity in the anterior cingulate and temporal cortices relative to the HC reference group, which confirmed aberrant, bilateral hippocampal connectivity among depressed patients before the ECT series. ECT response was associated with increased right hippocampal connectivity, which also correlated with reduction in depressive symptoms. Among ECT responders, the aberrant connectivity normalized after the ECT series, and the aberrant pre-ECT connectivity differences were no longer evident relative to the HC reference group. With respect to the structural MRI findings, the hippocampal volumes and subfields between ECT responders and HCs before or after the ECT series were not statistically different, but the longitudinal analysis demonstrated increased right hippocampal and right hippocampal subfield volume increases associated with ECT response. The functional connectivity results did not correlate with the volumetric changes, but may have captured complementary neuroplastic changes relevant to the mechanisms of action of ECT. In the remaining section, we discuss the laterality of our findings and the possible mechanisms of ECT-induced structural and functional changes.
Changes in the laterality of the structural and functional changes were limited to the right hippocampus, which corresponded to the predominate side of stimulation. Previous hippocampal volumetric investigations have found changes that may be related to method of stimulus delivery. For example, left hippocampal volumetric increases have been found with ECT provided with bitemporal electrode placement. 34 Right hippocampal volumetric increases have been found with right unilateral electrode placement. 17 The increased hippocampal gray matter volume from the latter study closely mirrors the increased connectivity found with our investigation, which also used a right unilateral electrode placement. Computer modeling has shown that the method of electrode placement affects the location of current density, with right unilateral being more limited relative to bitemporal. 35, 36 The unilateral correspondence between side of stimulation and functional/structural changes increases the likelihood that observed findings are a direct result of ECT treatment. A recent, longitudinal ECT investigation has provided further support for changes in connectivity in relation to electrode placement. 37 Mechanisms of ECT-related neural plasticity include neurogenesis, synaptogenesis and gliogenesis (for recent review, see Bouckaert et al. 13 ). The neurogenic hypothesis of depression posits that new neurons in the adult brain are needed for proper mood control and for antidepressant efficacy. 38 The association between age-related decreases in neurogenesis and the increased prevalence of depression with age provides further support for this hypothesis. 39, 40 In our results, neurogenesis may be supported by increased volume of the DG, a 'neurogenic niche' within the hippocampus. 40 Speculations about structural changes related to neurogenesis must be balanced with the time frame (46 months) and the likely amount of neurogenesis (between 1 and 30% of total granule cells) relative to substantial macroscopic volume changes observed in our investigation. 41, 42 The structural and functional changes related to ECT are not limited to neurogenesis and could be explained by other mechanisms. 43 Indeed, antidepressant volumetric changes related to vasculature, astrocytes and microglia are neurogenesis independent. 44 The increased temporal coherence of functional connectivity results may also be suggestive of synaptogenesis of pre-existing neurons and is further supported by increased volume of the SUB, the primary location of hippocampal afferents with monosynaptic connections to subcortical (amygdala and nucleus accumbens) and cortical (frontal, cingulate and parietal) nuclei. 9 The hippocampal volumes differences (pre-/post-ECT contrast) are relatively small (121.2 mm 3 or 4.5 fMRI voxels) relative to the volume of increased fMRI connectivity (321 voxels). Furthermore, we did not find any significant correlations between structural and functional changes, which may suggest complementary but different processes of volume and connectivity increases (that is, neurogenesis and gliogenesis for volume increases and synaptogenesis for functional connectivity increases). Although we did not find a direct relationship between structural and functional changes, future investigations will elucidate more complex functional relationships mediated by indirect structural connections with advanced analytical methods such as data fusion. 45, 46 Other controversial explanations for longitudinal changes in structural changes include confounding factors such as hydration, cardiac pulsation, B1 in homogeneities and subject motion. 47, 48 These confounds caution against definitive, biological interpretations regarding neural plasticity.
Several limitations of this investigation should be acknowledged when interpreting our results, and most are owing to the clinical nature of the study. First, all of the ECT subjects were medicated. Concurrent antidepressant treatment will have synergy with ECT 49 and may share a similar but less potent mechanism of action for clinical outcome, 14 which may have impacted our results. Discontinuation of antidepressant therapy before the first imaging assessment was not feasible (vast majority of subjects were inpatient at the start of this investigation) and may have introduced additional confounds such as discontinuation syndrome. 50 However, we limited cross-titrations to a small minority (~15%) of ECT participants. Second, our small sample of unipolar depressed patients had both psychotic and nonpsychotic episodes, and the study was underpowered to compare these groups. In future studies with larger samples, we will assess the effect of psychosis and confirm the relationship between connectivity and symptom changes. Third, hippocampal subfields were assessed with standard T1 structural images (1 × 1 × 1 mm), which may have limited contrast and challenge template-based registration methods to reliably segment hippocampal subfields. 51 However, Freesurfer segmentation and standard T1 structural images have previously demonstrated differences in hippocampal subfields in cross-sectional 52 and longitudinal studies 12 in patients with neuropsychiatric disorders.
CONCLUSION
The unilateral nature of our findings suggests that the concomitant structural and functional changes associated with ECT response are mechanistic in nature and extend previous animal and clinical investigations on the role of hippocampal plasticity with ECT response. Importantly, the current study is the first to demonstrate that ECT induces normalization of aberrant hippocampal connectivity and increased hippocampal volumes in the context of a clinical response (decreased depressive symptomatology). Current and previous findings highlight the role that the hippocampus has in the successful remediation of depressive symptomatology with ECT, and the role of neuroimaging in revealing potential mechanisms of therapeutic efficacy. These results will provide the framework for longitudinal investigations that will assess the permanence (or impermanence 53 ) of hippocampal functional and structural changes in the context of sustained response and relapse.
